Study Design. Cadaveric biomechanical study. Objective. To determine the degree of segmental correction that can be achieved through lateral transpsoas approach by varying cage angle and adding anterior longitudinal ligament (ALL) release and posterior element resection. Summary of Background Data. Lordotic cage insertion through the lateral transpsoas approach is being used increasingly for restoration of sagittal alignment. However, the degree of correction achieved by varying cage angle and ALL release and posterior element resection is not well defined. Methods. Thirteen lumbar motion segments between L1 and L5 were dissected into single motion segments. Segmental angles and disk heights were measured under both 50 N and 500 N compressive loads under the following conditions: intact specimen, discectomy (collapsed disk simulation), insertion of parallel cage, 108 cage, 308 cage with ALL release, 308 cage with ALL release and spinous process (SP) resection, 308 cage with ALL release, SP resection, facetectomy, and compression with pedicle screws. Results. Segmental lordosis was not increased by either parallel or 108 cages as compared with intact disks, and contributed small amounts of lordosis when compared with the collapsed disk condition. Placement of 308 cages with ALL release increased segmental lordosis by 10.58. Adding SP resection increased lordosis to 12.48. Facetectomy and compression with pedicle screws further increased lordosis to approximately 268. No interventions resulted in a decrease in either anterior or posterior disk height. Conclusion. Insertion of a parallel or 108 cage has little effect on lordosis. A 308 cage insertion with ALL release resulted in a modest increase in lordosis (10.58). The addition of SP resection and facetectomy was needed to obtain a larger amount of correction (268). None of the cages, including the 308 lordotic cage, caused a decrease in posterior disk height suggesting hyperlordotic cages do not cause foraminal stenosis.
T he importance of normalizing sagittal alignment is being increasingly recognized in spinal surgery. Multiple studies have shown that correction of sagittal alignment is necessary to improve clinical outcomes and that residual positive balance is correlated with adverse outcomes measures. [1] [2] [3] [4] [5] [6] [7] In addition, restoration of lordosis in the lumbar spine is desirable as it generates harmonious sagittal plane anatomy and corrects lumbar kyphosis, which is very poorly tolerated. 1, 5, [8] [9] [10] Surgical management of sagittal deformity can be accomplished through anterior, posterior, or combined approaches depending on a variety of factors including the severity and flexibility of the deformity. Correction of kyphosis in the lumbar spine requires posterior column shortening, anterior column lengthening, or a combination of the two. 10 Traditionally, posterior-based approaches include Ponte osteotomy, pedicle subtraction osteotomy (PSO), and vertebral column resection (VCR). Ponte osteotomies alone can only achieve approximately 5 to 10 degrees of correction per level and require a mobile disk space anteriorly. [10] [11] [12] PSO and VCR are effective at achieving larger degrees of angular correction but are typically associated with increased surgical risks and blood loss.
Anterior approaches to sagittal deformity are directed at decreasing deformity by increasing anterior column height. They have the advantage of potentially limiting the number of levels fused and are a valuable tool for restoration of lumbar lordosis. [21] [22] [23] [24] [25] [26] The disadvantages include the increased risk of vascular, visceral, or nerve plexus injury, particularly in those who have had previous anterior surgery. Indications for combined anterior and posterior surgeries include planned fusion across the lumbosacral junction, osteopenia, pseudoarthrosis, and more severe deformities requiring larger degrees of correction. 9, 12, 27, 28 More recently, the lateral transpsoas approach to the lumbar spine has been used to supplement management of adult spinal deformities. [29] [30] [31] [32] [33] This approach offers the potential for a less invasive means of releasing the anterior longitudinal ligament (ALL) and for placing large interbody cages that help restore segmental lordosis. The degree of correction afforded by this approach has not been well documented nor has the effect of combining this approach with posterior-based interventions. The purpose of this study was to determine the degree of segmental correction, which could be achieved through a lateral approach with parallel cages, lordotic cages, and with the addition of ALL release and posterior element resection.
MATERIALS AND METHODS
Thirteen human lumbar motion segments between L1 and L5 were harvested from fresh cadavers. Average age of specimens was 52 years old with a range from 41 to 59 years old. Specimens were examined grossly and radiologically to rule out malignancy, fracture, or ankylosed spines that could have confounded the results. Specimens were also screened with duel-energy x-ray absorptiometry (DEXA) scans to ensure they were not osteoporotic. All specimens were frozen and stored at À208C until tested. Once ready for use, specimens were thawed and stripped of excess soft tissues; the anterior longitudinal ligament, posterior longitudinal ligament, facet joints, intervertebral disk, interspinous, and supraspinous ligaments were all preserved. The end of each motion segment was then potted up to its midbody in a 10-cm diameter polyvinyl chloride end-cap using dental cement (Heraeus Kulzer Inc., South Bend, IN) as shown in Figure 1 . Markers were placed on the vertebral bodies to allow for angular measurements and changes in anterior and posterior disk heights. The motion segment with the two end-caps was positioned and clamped in a material testing machine (MTS 858; Mini-Bionix Test System, Minneapolis, MN). The center of rotation for flexion-extension and lateral bending was then established for each motion segment using the following sequence: (i) a pure compressive load of 50N was applied through a roller bearing to the top surface of the end-cap containing the upper vertebral body, (ii) the roller bearing was repositioned until the load applied caused no observable angular rotation in coronal or sagittal planes, and (iii) this spot (the center of rotation) was then marked on the top surface of the end-cap and served as a reference spot for all following steps on that particular motion segment. Each of the 13 motions segments was biomechanically tested and segmental angles and disk heights measured at axial loads of 50 and 500 N, applied at the center of rotation, under the following seven-part loading sequence: (i) intact specimen; (ii) lateral discectomy (to simulate a collapsed disk in a degenerated segment); (iii) insertion of parallel cage; (iv) insertion of a 108 lordotic cage; (v) ALL release and insertion of a 308 hyperlordotic cage; (vi) ALL release, insertion of a 308 hyperlordotic cage, and spinous process resection; (vii) ALL release, insertion of a 308 hyperlordotic cage with the addition of spinous process resection, facetectomy, and compression with pedicle screw/rod construct. The axial load of 50 N was meant to simulate the load applied to the segment in the supine position, whereas 500 N was meant to simulate the load applied to the segment in the upright posture.
A digital camera set on a tripod was used to take three digital photos of each condition in the seven-part sequence (as seen in Figure 1 ) Angular measurements and changes in anterior and posterior disk heights were made using the markers placed on the vertebral body as seen in Figure 1 . The images were analyzed using Osirix image-viewing software. The cages used in the experiment were from the Nuvasive extreme lateral interbody fusion (XLIF) system and pedicle screws from the Nuvasive Armada system (Nuvasive Inc., San Diego, CA). 
RESULTS
Insertion of parallel cages did not result in a statistically significant increase in segmental lordosis as compared with the intact disk specimens under both 50 N and 500 N loads (Table 1) . Similarly, insertion of 108 lordotic cages did not contribute significantly to lordosis as compared with the intact disk specimen under both 50 and 500 N loads.
When using the discectomy specimen (collapsed disk simulation) as our baseline measure, insertion of parallel cages did result in a small but statistically significant increase in segmental lordosis under the 500 N load (1.48) but not under the 50 N load as seen in Table 2 . Similarly, insertion of 108 lordotic cages resulted in small but statistically significant increase in segmental lordosis under 500 N (1.88) load but not under the 50 N load.
Insertion of a 308 hyperlordotic cage required ALL release to accommodate the larger anterior cage height. Under this condition, there was a 10.68 change in segmental lordosis under the 50 N load and a 10.58 increase in lordosis under the 500 N load as compared with the intact disk specimen. When the discectomy specimens were used as the baseline, 308 cage insertion with ALL release resulted in an 11.58 increase under the 50 N load and 12.38 increase under the 500 N load, both of which were statistically significant.
The additional resection of spinous processes increased the degree of lordosis to 12.48 under both the 50 and 500 N loads as compared with the intact disk specimens. Facet resection and compression through pedicle screw and rod construct further increased segmental lordosis to 26.48 under the 50 N load and 25.88 under the 500 N load. When compared with the discectomy specimen as baseline, the addition of SP resection resulted in 128 increase under the 50 N load and 12.98 increase under the 500 N load. Subsequently, when compared with the discectomy specimens, facetectomy and compression through pedicle screw and rod construct resulted in 25.68 increase under the 50 N load and 25.78 increase under the 500 N load.
As can be seen in Figures 2 and 3 , there is a stepwise progression of increases in segmental lordosis as one moves through each intervention, with the largest change occurring with the addition of facetectomy and compression through pedicle screw and rod construct after insertion of 308 cages and ALL resection.
Anterior and posterior disk height measurements after each intervention can be found in Table 3 . Both anterior and posterior disk height either stayed neutral or increased with each intervention, suggesting the instantaneous axis of rotation for angular changes is posterior to the posterior aspect of the disk space and unlikely to cause foraminal stenosis.
DISCUSSION
Several studies have shown that restoration of sagittal plane alignment during operative intervention is necessary to improve clinical outcomes. [1] [2] [3] [4] [5] [6] [7] Furthermore, residual positive balance is correlated with adverse outcomes measures, especially in those with residual lumbar kyphosis. 1, 8, 9 The lateral transpsoas approach provides another corridor of access to the anterior column with less morbidity than the traditional approaches and has been increasingly adopted among surgeons. The introduction of lordotic cages (initially 108, then even more lordotic cages along with ALL release), raised hopes that greater lordosis could be produced. However, in practice, the increase in lordosis seemed minimal or modest. 29 -33 It has been our experience that placement of ever larger and more lordotic cages results in compression of the vertebral endplates and vertebral body rather than an actual increase in segmental lordosis. We hypothesized that this is a result of the anatomical constraints of the ALL and posterior structures. Therefore, this study was designed to measure, under controlled laboratory conditions, the effect of increasing the cage angle from 08 to 108, the effect of ALL release with 308 lordotic cage, and finally the effect of adding posterior element resection.
Our cadaveric study demonstrated no significant gain in segmental lordosis by inserting parallel or 108 lordotic cages. Therefore, the choice of parallel or 108 cage should be made based on the fit in the disk space rather than an attempt to increase lordosis with a 108 cage. As expected, after ALL release and 308 cage insertion there was an increase in lordosis by around 10.58; however, this gain is much less than the actual lordotic angulation of the cage. The surgeon should take note of this limitation when planning for lordosis restoration in the lumbar spine. By far, the largest degree of additional lordosis was gained after ALL release and 308 cage insertion was combined with spinous process resection, facet resection, and compression under pedicle screw and rod construct. This allowed the change in segmental lordosis to achieve approximately 268 (Figures 2 and 3) . The possibility of even greater correction with a posterior resection, ALL release, and followed by posterior compression (posterior, anterior, then posterior surgery) was not tested in this experiment.
One of the concerns with increasing angles of anterior cages has been the potential to create foraminal stenosis as lordosis is increased. In this study, both anterior and posterior disk heights were found to stay neutral or increase with each intervention demonstrating that the axis of rotation is posterior to the posterior aspect of the disk space (Figure 4 ). This result agrees with earlier work done that showed an increase in foraminal height with insertion of lordotic cages. 24 Limitations of the study include those inherent to any cadaveric study in that it may not accurately represent the response of actual spines in vivo. More specifically, when care was taken to preserve the ALL, posterior longitudinal ligament, and posterior ligamentous complex, the specimens were stripped of their surrounding soft tissues that could alter their flexibility and response to loads. Therefore, care should be taken when attempting to translate these cadaveric results to the clinical situation. Specimens used in this study began with normal lordosis and may not reflect the degree of segmental lordosis restoration that is possible in a degenerated, spondylotic segment. However, we attempted to simulate the degenerated disk by removing the nucleus and using that as one of the comparative baselines. In addition, the cadaveric specimens were not osteoporotic, as this experiment required vertebra that could maintain their shape after repeated cage insertion. In the clinical situation, we suspect it will be harder to obtain lordotic correction in more osteoporotic patients as there will be increased tendency for endplate and vertebral body compression rather than increase in lordosis.
We conclude that changes in lordotic angle of the cages have a relatively small effect on restoration of segmental lordosis. However, lateral cage insertion with ALL release combined with posterior element resection can obtain on average 268 of segmental lordosis. Surgeons may use this information to guide surgical planning.
Key Points
Insertion of a parallel or 108 cage has little effect on lordosis. Therefore, the choice of parallel or 108 cage should be made based on the fit in the disk space rather than an attempt to increase lordosis with a 108 cage. A 308 cage insertion with ALL release resulted in a modest increase in lordosis (10.58). The addition of SP resection and facetectomy was needed to obtain a larger amount of correction (268). None of the cages, including the 308 lordotic cage, caused a decrease in posterior disk height, suggesting hyperlordotic cages do not cause foraminal stenosis.
